Abstract
CI: 200-1,000). Limitations of the study include variation in enrollment criteria, individual therapies, duration of EDT, and VTE detection protocols across included trials.
Conclusions
In this systematic review and meta-analysis of 5 randomized trials, we observed that use of a post-hospital discharge EDT strategy for a 4-to-6-week period reduced symptomatic or fatal VTE events at the expense of increased risk of major or fatal bleeding. Further investigations are still required to define the risks and benefits in discrete medically ill cohorts, evaluate cost-effectiveness, and develop pathways for targeted implementation of this postdischarge EDT strategy.
Trial registration
PROSPERO CRD42018109151.
Author summary
Why was this study done?
• Current guidelines advocate for use of venous thromboembolism (VTE) prophylaxis among hospitalized patients with an acute medical illness until discharge. However, the risk of VTE persists and is cumulative in the postdischarge phase over the subsequent 4 to 6 weeks.
• Several randomized clinical trials have evaluated the therapeutic effects of extendedduration thromboprophylaxis (EDT) in attenuating the accumulated VTE risk. Although reduction in VTE was seen in these trials, none of them individually demonstrated superiority of EDT over standard of care.
• Our principal aim was to evaluate the aggregate efficacy of EDT on clinically relevant endpoints and to ascertain the robustness of efficacy signals balanced against the safety of the EDT strategy.
What did the researchers do and find?
• We performed a systematic review, trial sequential analysis, and cumulative meta-analysis to identify all randomized clinical trials (RCTs) that assessed EDT in medically ill patients and evaluate the aggregate efficacy of EDT on clinically relevant endpoints. We assessed the robustness of efficacy signals balanced against the safety of the EDT strategy.
• We identified 5 RCTs that compared EDT with standard of care in medically ill patients requiring hospitalization, most commonly for heart failure.
• We observed that EDT reduced symptomatic VTE or VTE-related death compared with standard of care at the expense of an increased risk of major or fatal bleeding in both trial sequential and cumulative meta-analyses.
Introduction
Current guidelines advocate for the use of venous thromboembolism (VTE) prophylaxis in hospitalized patients with an acute medical illness until the time of discharge [1] . However, the risk of VTE persists and is cumulative in the postdischarge phase over the subsequent 4 to 6 weeks. Several randomized clinical trials (RCTs) have evaluated the therapeutic effects of extended-duration thromboprophylaxis (EDT) in attenuating this accumulated VTE risk [2] [3] [4] . None of these trials, which now include the large MARINER (Medically Ill Patient Assessment of Rivaroxaban versus Placebo in Reducing Post-Discharge Venous Thrombo-Embolism Risk) trial, has convincingly demonstrated the superiority of EDT [5] . Previous meta-analyses have shown that EDT is associated with a reduction in VTE risk, largely driven by a reduction in asymptomatic VTE events, a finding that is counterbalanced by an increased propensity for bleeding complications [6] [7] [8] . Prior meta-analyses [7] and RCTs [2] [3] [4] 9] included asymptomatic deep vein thrombosis (DVT) in the postdischarge period to establish the effect size for benefit. However, the clinical relevance of this endpoint may be questioned since routine screening lower extremity venous ultrasound scans are not typically performed in the postdischarge phase unless a clinical reason ensues. Furthermore, the evolution and prognosis of such asymptomatic thrombotic events remain uncertain.
Trials that measure treatment effects can demonstrate exaggerated effect sizes early in the chain of evidence, a phenomenon referred to as the "proteus effect" [10, 11] of sequential accrual of information. It is important that evidence accrued from a large trial like MARINER be examined in the context of sequential accumulation of data from the prior clinical trials [5] . Thus, our principal aim in this meta-analysis was to evaluate the aggregate efficacy of EDT on clinically relevant endpoints and to ascertain the robustness of efficacy signals balanced against the safety of the EDT strategy. To accomplish this, we employed trial sequential analysis techniques to improve precision of effect sizes over time because data have continued to accumulate in the field of EDT.
Materials and methods
Because this was a systematic review and meta-analysis of published trial results, institutional review board and ethics committee approval was not required.
Protocol and registration
Our review was registered with PROSPERO with the registration number CRD42018109151.
This study was conducted in accordance with Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (S1 PRISMA checklist).
Eligibility criteria
We included RCTs enrolling adult patients (>18 years of age) hospitalized for acute medical illness and compared EDT with standard of care. We did not have any language exclusions. The search strategy is detailed in the supporting information (S1 Search Strategy).
Search strategy and information sources
A systematic PubMed/MEDLINE, EMBASE, Cochrane Central, and ClinicalTrials.gov search was performed from inception through March 21, 2019 using prospectively established criteria (Fig 1) for RCTs of EDT in hospitalized medically ill patients. Of 403 records screened by 3 independent investigators (AQ, KG, and AG), 5 RCTs were eligible for final inclusion. Titles and abstracts were screened initially, followed by full text retrieval of citations thought to be potentially eligible. Any disagreements were resolved by consensus or through discussion with the principal investigator (MRM).
Data collection process
MV and AQ independently extracted data, and any inconsistencies were resolved by a third investigator (NSB).
Data items
Data items extracted from each study included study characteristics, risk of bias (RoB) items, demographic information, treatment details, follow-up, and outcomes of interest. 
RoB in individual studies
RoB was assessed using the Cochrane RoB tool modified to capture the components of random sequence generation, allocation concealment, blinding of participants, blinding of outcome assessment, and analysis of incomplete outcome data.
Outcomes
The principal efficacy endpoint examined in this analysis was symptomatic VTE or VTErelated death (S1 Table) . We also extracted the primary efficacy endpoint selected by each trial, which was a composite of DVT, nonfatal pulmonary embolism, or VTE-related death. However, some trials excluded asymptomatic VTE or distal DVT (Table 1) . To investigate the safety of EDT, we systematically evaluated the rates of major or fatal bleeding episodes as defined by the International Society on Thrombosis and Haemostasis (ISTH) criteria [12] . The definitions are detailed in S2 Table.
Synthesis of results
Meta-analysis and publication bias. Random effects modeling was used to estimate summary risk ratios (RRs) for all outcomes. Data were analyzed for heterogeneity using the I 2 statistic proposed by Higgins and Thompson; 95% confidence intervals (CIs) around I 2 statistic were also estimated [13] . The Cochran's Q, H-statistic, and Tau-squared using maximal likelihood and restricted maximal likelihood models were also estimated. A two-sided p < 0.05 was considered statistically significant. We intended to assess small study treatment effects using funnel plot techniques, Egger's regression test, and Duval and Tweedie trim and fill methods as appropriate, given the known limitations of these methods [14, 15] . Cumulative meta-analyses were performed in accordance with study by Lau and colleagues [16] . Trial sequential analysis was used to quantify the statistical reliability of data in cumulative meta-analyses by adjusting significance levels for sparse data and repetitive testing on accumulating data [17] . RoB for primary efficacy outcome was determined for each trial [18] . Trial sequential analysis. Most meta-analyses lack sufficient statistical power to detect treatment effects even when they are large [17] . When the number of included participants or trials is low, traditional meta-analytic techniques and statistical significance thresholds may lead to false positive (type I errors) or false negative conclusions (type II errors). In these situations, the Lan-DeMets trial sequential monitoring boundaries in trial sequential analysis offer adjusted CI when the required information size and the corresponding number of required trials for the meta-analysis have not been reached. Trial sequential analysis provides a frequentist approach to control both type I and type II errors. Several empirical studies have demonstrated that the trial sequential analysis provides better control of type I errors and of type II errors than traditional naïve meta-analysis [17, 19] . A cumulative Z-curve was plotted against the accrued sample size. Lan-DeMets trial sequential boundary for benefit and harm were constructed, assuming the cumulative relative risk reduction for each outcome, α = 0.05, and β = 0.20.
We calculated the pooled number needed to treat (NNT) to prevent one symptomatic or fatal VTE event and the number needed to harm (NNH) to cause one major or fatal bleeding event. To estimate pooled NNT and NNH, random effects meta-analyses of risk difference were performed, and the pooled estimates derived from these analyses were inverted [20] . All analyses were performed using STATA V15.0 (College Station, TX, USA) statistical software.
Findings. The 5 RCTs [2] [3] [4] [5] 9] in this meta-analysis included 40,247 hospitalized medically ill patients. The duration of EDT ranged from 24-47 days, while the comparison control group typically used standard-duration thromboprophylaxis (range 6-14 days). Therapeutic regimens were a low-molecular weight heparin enoxaparin in one trial [9] , while all others [2] [3] [4] [5] investigated non-vitamin K antagonist oral anticoagulants that target inhibition of factor Xa. These included apixaban [2] (1 trial), betrixaban [4] (1 trial), and rivaroxaban [3, 5] (2 trials). The mean/median age of trial participants in the RCTs varied from 66-71 years, with equitable gender distribution (women: 48%-54%). Heart failure was the most common medical illness requiring hospital admission (18%-45%) ( Table 1) . RoB was estimated using the RoB 2.0 tool and was deemed acceptable (Table 2) . Meta-analysis for primary efficacy endpoint. Traditional and cumulative meta-analysis showed that EDT significantly reduced symptomatic VTE or VTE-related death alone across the 5 trials when compared with standard of care (0.8% versus 1.2%; RR: 0.61, 95% CI: 0.44-0.83; p = 0.002) with moderate heterogeneity (I 2 = 47.0%; p = 0.110 and Tau-squared = 0.0) (Fig 2) . The heterogeneity for treatment effect of EDT on primary efficacy endpoint across trials was assessed using several methods and was deemed to be moderate (S3 Table) . When the primary efficacy endpoints as selected by the individual trials were evaluated, EDT was associated with a 25% reduction in the risk of the trial-specified primary efficacy endpoint (2.8% versus 3.7%; RR: 0.75, 95% CI: 0.66-0.84; p < 0.001). Small study treatment effects were not assessed because the number of included trials was inadequate to properly create a funnel plot or employ more advanced regression-based assessments.
Trial sequential analysis for primary efficacy endpoint. As new trial data became available, the cumulative meta-analysis showed increasing precision of treatment effect, with narrowing of 95% CI (Fig 3) . The cumulative Z-curve assessing the effect size of EDT compared with standard of care crossed the statistical boundary and the Lan-DeMets boundary for evidence of a true benefit, indicating robustness of pooled results (Fig 4) . Similar findings were observed when analyzing the primary efficacy endpoint selected by each trial.
Safety endpoints. EDT also significantly increased risk of ISTH-criteria-based major or fatal bleeding (0.6% versus 0.3%; RR: 2.04, 95% CI: 1.42-2.91; p < 0.001) in both cumulative meta-analysis and trial sequential analysis (Figs 2 and 5) . However, EDT did not significantly increase all-cause mortality (3.3% versus 3.4%; RR: 0.97, 95% CI: 0.87-1.08; p = 0.598) as compared with standard of care in both cumulative meta-analysis and trial sequential analysis. The heterogeneity estimates for all safety outcomes are presented in S4 Table. Efficacy and safety of EDT. Using random effects meta-analyses of risk differences, we estimate that the pooled NNT to prevent one symptomatic VTE or VTE-related death was 250 (95% CI: 167-500), whereas pooled NNH to cause one major or fatal bleeding event was 333 (95% CI: 200-1,000) (Fig 6) . When trial-specified definitions of primary efficacy endpoints were employed, the pooled NNT to prevent one trial-defined primary efficacy endpoint was 111 (95% CI: 55-333). Fig 6 shows that the Acute Medically Ill Venous Prevention with Extended Duration Betrixaban (APEX) trial had one of the lowest NNTs to prevent symptomatic VTE or VTE-related death and highest NNHs to cause one major or fatal bleed, indicating that EDT among APEX patients was both efficacious and safe as compared with other trials.
Discussion
In this study, we observed that EDT reduced the risk of symptomatic or fatal VTE when compared with standard-duration thromboprophylaxis (which typically ceases at the time of discharge) among medically ill patients after hospitalization. The observed benefits across trials were directionally consistent and of a similar magnitude and less likely to be due to type I or type II error because cumulative treatment effect from our analyses crossed both statistical and trial sequential boundaries of benefit. The benefits accrued with VTE prevention were, however, counterbalanced by an increased rate of major or fatal bleeding with EDT. The overall Extended thromboprophylaxis after hospitalization for medical illness risks and benefits observed across the 5 trials were modest, as evidenced by high summary NNT and NNH.
Patients discharged from hospital after medical illness face an ongoing risk for development of VTE for up to 6 weeks. These thrombotic events that develop within the postdischarge vulnerable period confer clinical morbidity, mortality, and excess healthcare expenditure because of the high rate of short-term readmission [21] . Five clinical trials, including the recently published MARINER study [5] , have evaluated a strategy of EDT using either a low-molecular weight heparin or a factor Xa inhibitor in an effort to abrogate this heightened postdischarge risk for VTE. Individual trials have contributed to uncertainty about the overall clinical utility of EDT, either by not meeting their primary efficacy endpoints or by demonstrating excess harm from bleeding risks. Moreover, when each trial is examined using the fragility indexwhich measures the number of additional events needed in the control arm to create a null effect-the statistical robustness of individual RCTs of EDT was low such that the fragility index ranges from as low as 6 to as many as 16 for "positive" trials. Indeed, these fragility Extended thromboprophylaxis after hospitalization for medical illness indices for individual studies are lower than those reported for trials that are ultimately used to develop and support guideline recommendations [22] . Thus, a meta-analysis performed using a clinically relevant efficacy endpoint can provide a more durable metric for reliance in the robustness of the finding of benefit.
Clinical interpretation of these aggregate findings must account for variation in the definitions of trial enrollment criteria, individual trial definitions of primary efficacy and safety endpoints, and EDT approaches in each trial using different agents with distinct pharmacological profiles and doses. The typical patient enrolled in these trials was relatively similar across trials-older, relatively immobile, with acute medical illness. However, some important differences deserve discussion. In 3 trials, certain risk-enrichment strategies were applied based on clinical parameters [2] , age, and elevated biomarkers such as D-dimer [4] or the use of a validated clinical risk score and D-dimer [5] . All trials enrolled a broad range of hospitalized patients but varied in the proportions of included patients with specific medical conditions. For instance, the proportion of enrolled patients who were hospitalized for heart failure ranged from 18% [9] to 45% [4] . Finally, the EDT strategy employed was different across trials even for the 2 studies evaluating the same agent, rivaroxaban. While MAGELLAN (Multicenter, Randomized, Parallel Group Efficacy and Safety Study for the Prevention of Venous Thromboembolism in Hospitalized Acutely Ill Medical Patients Comparing Rivaroxaban with Enoxaparin) [3] evaluated fixed-dose rivaroxaban beginning within 72 hours of hospitalization, MARINER [5] initiated rivaroxaban at the time of discharge and used dose-reduced Extended thromboprophylaxis after hospitalization for medical illness rivaroxaban in patients with moderate renal insufficiency [5] . Most trials included asymptomatic DVT, as ascertained by routine surveillance ultrasonography, as part of the primary efficacy endpoint. We focused our analysis on clinically relevant, symptomatic VTE events or VTE-related deaths (the primary endpoint of the MARINER trial [5] ), as opposed to asymptomatic VTE events detected on protocolized venous ultrasonography.
The results of this meta-analysis provide a more comprehensive understanding of the use of EDT as a therapeutic strategy. For instance, the US Food and Drug Association recently approved the factor Xa inhibitor betrixaban based on exploratory analyses of aggregate data from the APEX trial despite it not having met its prespecified primary efficacy endpoint [4] . The recent MARINER trial [5] , which studied rivaroxaban, did not meet its primary endpoint, although some secondary efficacy endpoints were improved by EDT. Such disparate outcomes for efficacy, added to relatively consistent safety signals for increases in major bleeding across these various trials, may lead to the development of clinical uncertainty and difficulty in Extended thromboprophylaxis after hospitalization for medical illness implementation of trial data. Thus, we employed the meta-analytic approach to allow for greater clarity in understanding the efficacy signals for EDT irrespective of the therapeutic agent employed, determine the overall robustness of these findings, and allow for the assessment of the relative balance of benefit and harm. This could facilitate the development of consensus or guideline statements to provide sufficient precision in direction for clinicians.
Nonetheless, our review is not without limitations. Amalgamation of data in the form of meta-analyses has well-recognized limitations [20] . The included studies differed in the type of drugs, dosage, duration of treatment, patient population, and DVT detection protocols included. Although the treatment effects were similar across trials, we observed evidence of statistical heterogeneity across trials, and therefore the impact of variation in patient profiles and treatment protocols on the summary treatment effects cannot be excluded. The findings of these analyses should not replace the clinical judgement of a treating physician but might help them make personalized decisions based on risk assessment of VTE and bleeding. This remains a topic of discussion, and we hope that future studies will help to derive the optimal protocols to address this personalized risk-benefit calculus.
In summary, our meta-analysis demonstrated that use of a post-hospital discharge EDT strategy for a 4-to-6-week period reduced symptomatic or fatal VTE events. These modest benefits were observed at the expense of increased risk of major or fatal bleeding events. Given the relatively infrequent occurrence of these events, we estimate that 250 patients would need to be treated with EDT to prevent one symptomatic or fatal VTE event, and 333 patients would need to be exposed to EDT to cause one major or fatal bleeding event. Further investigations are required to define risks and benefits within specific and discrete populations of medically ill patients, evaluate the cost-effectiveness of EDT, and develop pathways for targeted implementation of this postdischarge strategy in appropriately selected patients. 
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